When the live attenuated measles vaccine was developed in the 1950s, 1 it was initially recommended for administration at 9 months. This was soon changed when greater efficacy was observed with older age at vaccination because of concern about possible interference from residual maternal measles antibody. 2 Because maternal antibodies wane over time, interference diminished with age, and protection increased with older age at first dose, plateauing at $15 months, as shown during epidemics from the early 1990s. 3 In the United States, the recommended age for measles vaccination was 9 months in 1963, 12 months in 1965, 15 months in 1976, and 12 to 15 months since 1998, 4 whereas Canada opted for administration at 12 months in 1970 and has stayed with that recommendation since. 5 However, even in settings where nearly all children received 1 dose of vaccine on schedule, measles transmission continued, and additional intervention was needed to achieve control. 6 Measles vaccine failures were generally thought to be primary (absence of protection immediately after vaccination) rather than secondary (waning of immunity). 7, 8 Based on this hypothesis and the observation that a second dose generally corrected failed seroconverters, 9-11 many countries implemented 2-dose programs in the 1990s.
Between 1996 and 1997, all Canadian provinces added a second measles dose to their vaccination schedules and conducted mass campaigns to administer a second dose to all schoolage children. In Quebec, the secondlargest province (population 8 million), 89% of children 5 to 17 years old received a second measles vaccine dose during these campaigns, and the infant schedule was changed to 2 measlesmumps-rubella (MMR) doses at 12 and 18 months of age. 12 After 15 years of decline, a large measles epidemic occurred in Quebec in 2011, revealing unexpected vulnerability in adolescents previously vaccinated with 2 doses of MMR. 13, 14 An investigation in the high school at the origin of this outbreak reported an overall vaccine effectiveness (VE) of 95.9% with 1 dose and 94.2% with 2 doses. 14 An unexpected finding from this outbreak investigation was that in 2-dose recipients, VE was greater with older age at first dose, from 93% at 12 months to 97.5% at $15 months. 14 The risk of measles was 2 to 4 times greater when children were first vaccinated between 12 and 14 months versus $15 months. 14 Older age at the second dose or longer interval between doses did not influence this observation. 14 Although statistically significant, these results were based on a small number (41) of 2-dose cases. It was therefore important to confirm the findings and to determine whether they were generalizable. Furthermore, most adolescents involved in the school outbreak were born to mothers who had previously been measles infected, whereas currently, almost all babies are born to vaccinated mothers who provide lower concentrations of antimeasles antibodies to their babies than mothers who experienced wild virus infection. 15, 16 Because vaccine-induced maternal antibodies are anticipated to disappear at an earlier age, infants born to vaccine-protected mothers may respond better to an earlier dose of measles vaccine than infants from previous birth cohorts born to infected mothers, if indeed interference from maternal antibody is the principal mechanism for the negative effect of age at first pediatric dose on VE.
We therefore conducted a case-control study to estimate the risk of measles by age at first and second dose, adjusting for maternal status (previously infected versus vaccinated) using all cases in twice-vaccinated school-age patients reported in Quebec in 2011.
METHODS
Measles confirmed by laboratory testing or epidemiologic link is notifiable by both physicians and laboratories in Quebec. 17 Laboratory confirmation requires virus detection by culture or polymerase chain reaction or development of measles-specific immunoglobulin M in absence of recent vaccination. Epidemiologic link requires classic clinical presentation (fever $38.3°C [101°F] and cough or coryza or conjunctivitis and a generalized maculopapular rash for at least 3 days) with epidemiologic link to a laboratoryconfirmed measles case.
In this matched case-control study, inclusion criteria for cases and controls were having received 2 doses of measles-containing vaccine, first dose administered at $12 months of age, second dose administered $28 days after dose 1 and $14 days before rash onset in the matched case, and age between 5 and 17 years. Cases included only confirmed measles as defined earlier and reported from across the province to public health between January 1 and December 31, 2011. Controls were matched for the date of birth (66 months) and school attended in 2010 to 2011. For each case, 5 controls were randomly selected from the provincial measles vaccination registry among all students meeting matching criteria. The vaccination status and dates of vaccination were ascertained through the provincial vaccination registry and other records. MMR-II (Merck Canada, Montreal, Quebec) was the only MMR vaccine administered to the pediatric cohorts included in this study.
In Canada, people born before 1970 are considered to have been infected by measles. 5 This year marks the beginning of the measles vaccination program using live vaccine, and very few patients from the large measles outbreaks in Quebec (1989) or Ontario (1990 Ontario ( -1992 were born before that year. 18, 19 Consequently, the status of participants' mothers (infected versus vaccinated) was assigned by year of birth and review of the provincial vaccination registry, which includes all residents born after 1970 regardless of vaccination status. Mothers not found in the registry were considered to have been born before 1970 and categorized as having been infected, and those born in 1970 or later were considered vaccinated.
The odds ratios (ORs) of measles by age at first and second dose and maternal immune status were estimated by multivariable conditional logistic regression.
This work was conducted under legal mandate from the National Director of Public Health, authorized by the Quebec Public Health Act without requirement for research ethics board review. 20 
RESULTS
In 2011, among the 725 patients with confirmed measles cases, 13 507 were between 5 and 17 years of age; 102 had received 2 doses at $12 months of age, 1 had received 3 doses, 18 had received 1 dose, 337 were unvaccinated, and 49 had unknown vaccination status or no written proof. Of the 102 2-dose cases, 82 were epidemiologically confirmed, and 20 were laboratory confirmed (17 had measles-specific immunoglobulin M, and 3 others had positive viral culture).
The 102 2-dose cases and their 510 matched controls attended 17 schools, with the number of cases per school rangingfrom1 to 41 (mean,6;median,2). Of the 12 high schools (grades 7-12), 3 accounted for 73% of twice-vaccinated cases; the high school that was first and most affected (outbreak school) had 41, another had 17, and the third had 16. There were only 6 (6%) cases in 5 elementary schools (range, 1-2 per school). Two-thirds of cases were in boys, who were at significantly higher risk of measles in univariate analysis (OR = 1.97; 95% confidence interval [CI], 1.3-3.1) (Table 1) , a pattern also observed among unvaccinated patients (Data not shown, available upon request). Only 11% of cases were 5 to 12 years old at rash onset (2% were ,10 years, 4% were 10-11, 5% were 12). Adolescents 13, 14, 15, and 16 years old contributed disproportionately, with 17%, 20%, 25%, and 20% of all cases, respectively, whereas 17-year-olds represented 8% of the cases. Seventy percent of the mothers of both cases and controls were born before 1970, ∼15% between 1970 and 1972 (during which there was still intense measles circulation), and ∼14% in 1973 or later. Measles risk did not statistically differ by maternal year of birth (Table 1) .
Among participants outside the outbreak school, the first dose of measles vaccine was administered at 12 or 13 months of age in 90% of cases and 72% of controls, whereas 4.8% and 19.6%, respectively, received the first dose at $15 months (Table 1) . With no case first vaccinated at exactly 15 months, we compared 12 months to the broader age category $15 months, which included few cases. In univariate analysis, the risk of measles was 6.87 (95% CI, 1.59-29.7) and 11.4 (95% CI, 2.5-52.5) times higher when the first dose had been administered at the age of 12 and 13 months, respectively, compared with $15 months. ORs were lower but still significant in pooled analysis (outbreak school + outside that school). Neither age at second dose nor interval between doses influenced measles risk, regardless of the inclusion or exclusion of participants from the most affected school.
Because the risk of measles in univariate analysis was similar with first dose administered at 12 or 13 months of age, the 2 ages were merged into a single category (12-13 months) in multivariable analyses. In multivariable analyses, only age at first dose and gender remained significantly associated with measles risk (Table 2 ). The effect of age at first dose was not confounded by gender, age at second dose, interval between doses, or maternal birth year. In participants outside the outbreak school, when the first dose was administered at 12 to 13 versus $15 months of age, measles risk was 6.2 times higher (95% CI, 1.33-29.3; P = .02), and in pooled analysis it was 5.2 times higher (95% CI, 1.91-14.26; P = .0013). When the first dose was administered at 14 versus $15 months of age, the risk was twice as high but did not reach statistical significance. In children who received their first dose at 12 to 13 months, the risk of measles was similar if their second dose was administered at $48 months versus ,24 months old (participants outside the outbreak school OR = 0.72; 95% CI, 0.21-2.29; P = .69; all participants, OR = 0.98; 95% CI, 0.35-2.49; P = .898).
The risk of measles in children who had received their first dose at 12 to 13 versus $15 months stratified by maternal birth year could not be assessed with matching preserved. Because the overall crude risk estimate was similar with matched (conditional logistic regression) and unmatched (unconditional logistic regression) analysis (OR 5.26 vs 5.01) (Table 3) , we conducted unmatched stratified exploration. The trend of greater risk with first dose at 12 to 13 versus $15 months was present both in children whose mothers were born before 1970 and those born later but was more pronounced in the former (OR = 6.23 and 3.22, respectively) ( Table 3) . Only the OR for participants whose mothers were born before 1970 was statistically significant, but the small number of participants with younger mothers limits power and precludes definitive conclusions.
DISCUSSION
Outbreak investigation of the high school that triggered the 2011 measles epidemic in Quebec suggested that the risk of measles in 2-dose recipients was significantly higher (2-4 times) when measles vaccine was first administered at 12 versus $15 months of age. 15 The current study confirms that this effect was a generalized phenomenon even outside the outbreak school, most evident in twice-vaccinated older versus younger children. Although the effect of age at first dose was most pronounced in children born to mothers who had probably been infected by measles virus, it was also evident in children born to vaccinated mothers but with less certainty.
Across the 26-year period during which Canada relied on a single dose of measles vaccine delivered at 12 months of age , there was strong evidence of greater protection with delivery of this dose at $15 months. 5 The greater vulnerability of those vaccinated at 12 months was reasoned to be caused by interference from maternal antibodies, addressed through second-dose administration. [9] [10] [11] 21 Measles vaccine protection thereafter was considered to provide lifelong immunity. 8 Increasing the age of the first dose to 15 months in a 2-dose program was therefore assumed unnecessary.
Our findings challenge this assumption.
A pooled fivefold greater risk of measles among those whose first MMR dose was administered at 12 to 13 vs $15 months is concerning, especially in the context of measles elimination efforts that require high levels of immunity. Previous serologic studies 7,10,22-26 based on age at first dose are consistent with our epidemiologic observations. Although caution is needed in the interpretation of immunogenicity findings based on laboratory, assay, and protective thresholds applied, serologic studies have shown that early age at first dose leaves an imprint that affects both the immediate second-dose antibody response and persistence. Children first vaccinated at 12 months compared with $13 months are less likely to seroconvert after reimmunization and to have significantly lower antibody levels. 10 This phenomenon has also been noted in children vaccinated younger than 12 months. 7, 22, 23 Children without detectable plaque reduction neutralization antibody after a first dose responded to revaccination with a primary-type response and maintained antibody titers after revaccination above levels believed to be protective, whereas revaccination of children with low levels of plaque reduction neutralization antibody induced a secondary-type response, with antibodies returning rapidly to levels below protective threshold. 24 In Germany, among ∼7000 2-dose recipients, the proportion without detectable antibodies decreased steadily with older age at first dose to reach a nadir between 18 and 23 months. 25 The proportion seronegative also increased with time since the second dose, and the proportion seronegative $6 years after the second dose was similar to that observed in single-dose recipients. 25 Similarly, in the United States, increased antibody titers in response to a second MMR dose rapidly returned to prebooster levels, and most subjects (72%, 13/18) with low titers 10 years after boosting were also in the lowest quartile for antibodies before boost. 26 This "return" to the level of protection afforded by the first dose based on time elapsed since the second dose is consistent with the similar VE we observed after 1 or 2 doses (95.9% vs 94.2%, respectively) during our recent school outbreak investigation. 15 The risk associated with an early age at first dose was present but less pronounced in children born to vaccinated mothers than in children born to infected mothers. This evidence is limited by the small number of participants born to vaccinated mothers and the use of the mothers' birth year (before 1970) as Fig 1) for a few years. As a result, some mothers born since 1970 may have received vaccine but also been infected, leading to misclassification tending to erroneously suggest the same pattern for children born to vaccinated mothers. Because more infants are born to vaccinated mothers now than in the current study, the current phenomenon may be partly historical. However, even in the absence of maternal antibodies, the immune response to vaccination improves with older age at first dose with respect to both titer and avidity. 27, 28 These observations are limited to vaccination between 6 and 12 months of age but suggest that maturation of the immune system probably also plays an important role in the quality and durability of protection. 27 The current study has other limitations. It was not possible to estimate absolute VE because that requires the comparison of vaccinated and unvaccinated people, and most with "no dose" in the provincial registry were in fact vaccinated but with missing data. The higher incidence in adolescents (75.6 per 100 000) compared with adults 18 to 35 years old (5.3 per 100 000) may be explained by the greater and more intense exposure opportunities associated with the school outbreak, which may have overcome whatever protection teenagers had. Adolescents also received their 2 doses of MMR at 12 and 18 months through the routine program, whereas most young adults received a monovalent measles vaccine as their second dose at school age during the 1996 mass campaign. The small number of cases (5) less pronounced. In guiding the optimal timing of primary immunization, it is necessary to weigh our findings against the recognized severity of measles in infants and VE in protecting against that, especially in the context of an outbreak. 21 Currently, measles has been eliminated from the Americas, and global experience overwhelmingly supports durable immunity from 2 doses of measles vaccine. However, the unexpected vulnerability we have identified in twice-vaccinated people during the epidemic in Quebec should be considered a signal warranting additional investigation. In particular, other locations with ongoing measles activity can explore the epidemiologic associations we have raised, and serosurveys of infants who received an early versus later first dose of MMR would be informative.
CONCLUSIONS
Although unvaccinated people should remain the prime target for measles vaccination, the unexpected vulnerability we have identified in twicevaccinated people could ultimately lead to failed measles elimination efforts. If the effect of early vaccination permanently alters the ability to respond to subsequent doses, even adding a third or fourth dose may not provide long-lasting protection. Therefore, it is critical to understand the mechanisms of primary vaccine failure or loss of vaccine protection that our findings may signal.
